I.GENERAL INTRODUCTION
This dissertation deals with issues related to the estimation of inbreeding levels and substructure levels, as well as with demographic inferences from a Brazilian population quilombo isolate. The document is structured in five sections: (1) this general introduction, where basic concepts related to inbreeding are reviewed; (2) chapter 1, dealing with the estimation of inbreeding and substructure levels in a quilombo population; (3) chapter 2, in which a simplified method is presented to estimate the variance of inbreeding coefficient; (4) chapter 3, containing results from inbreeding and demographic analyses performed in the quilombo isolate by means of the information of hundreds of thousands of biallelic markers; and (5) a final section with general conclusions. Demographic, historical, and geographical details about the quilombo studied here are exhaustively presented on pages 276-277 of the published article attached to Chapter 1.
I.1. Inbreeding coefficient (Wright's fixation index)
Inbreeding is a non-random mating system in which the choice of mate is influenced or directed by the degree of biological relationship between individuals that mate (Crow and Felsenstein, 1968; Lewontin et al., 1968) . Since relatives have one or more ancestors in common, the proportion of alleles identical by descent (IBD) in the genome of their offspring is associated to the amount of ancestry that is shared by their parents.
Endogamy levels are usually estimated by the inbreeding coefficient, which can be defined in terms of correlation as well as of probability (Templeton, 2006; Hartl and Clark, 2007) .
Inbreeding coefficient f can first be understood as the population correlation coefficient between gametes that come together to generate a zygote (Wright, 1922) 
where p = P(A) and q = 1-p = P(a).
The inbreeding coefficient f is then defined as the correlation An alternative approach to estimate the inbreeding coefficient, referred here as F, takes into account the probability that two alleles segregating at an autosomal locus are IBD. F is usually estimated from genealogies and can be interpreted as the genomic proportion of an individual that is IBD (Haldane and Moshinsky, 1939; Cotterman, 1940; Malécot, 1948) . Since the inbreeding coefficient of an individual is the probability that any pair of his homologous genes are identical by descent, its value coincides with the probability (coefficient of consanguinity) that two homologous genes drawn randomly, one from each individual, are identical. Thus, the inbreeding coefficient F k of the individual k is also the coefficient of consanguinity F ij of his/her parents i and j.
The correct estimation of F depends however on the existence of an arbitrary founder population completely unrelated. It is, therefore, very difficult or even impossible to trace back the reliable ancestry information from more ancient generations, which rarely includes relationships more remote than third cousins (Cavalli-Sforza and Bodmer, 1971; Speed and Balding, 2015) .
Conceptually, f and F as defined above are different both biologically as well as mathematically, since F is a probability (belonging to the domain 0 ≤ F ≤ 1) that estimates the amount of identity by descent for an individual, while f is a coefficient of correlation (belonging to the domain -1 ≤ f ≤ 1) that measures the population proportions of genotypes above or below the ones randomly expected.
I.2. Hierarchical structure of a population
Natural populations frequently are aggregates formed by partially isolated subpopulations within which mating preferentially occurs.
Given the reduced subpopulation sizes, the consequence of substructure is an increase of homozygous levels within the population considered as a whole even if mating within subpopulations takes place randomly, due to changes in allelic frequencies secondarily to genetic drift within subpopulations (Crow and Kimura, 1970) .
Hierarchically structured populations were first considered by Wright (1951) , who defined three different types of fixation indices:
f IS (fixation index due to inbreeding within each subpopulation), f ST (fixation index due to genetic drift responsible for differences in allele frequencies among subpopulations), and f IT (fixation index due to the combined effects of inbreeding and genetic drift), related by the following equations:
where p, q, P(Aa), and 2pq are respectively the estimated allelic frequencies of alleles A and a, and the directly observed frequency and the expected panmictic proportion of heterozygous individuals in the whole population. As Chakraborty (2016) noticed, these indices have been conceptually defined in several ways: Wright (1943 Wright ( , 1951 defined them in terms of correlations between uniting gametes, Nei (1973, 1977) and Nei and Chesser (1986) defined them as functions of heterozygotes and differences from their respective expectations under HW equilibrium proportions, while Cockerham (1969 Cockerham ( , 1973 , Weir and Cockerham (1984) and Long (1986) formulated them in terms of functions of parameters of components of nested analysis of variance.
I.3. Consequences of inbreeding
The immediate consequence of inbreeding (f > 0) is the increase in the frequency of homozygotes in the population, which favors the expression of deleterious recessive alleles previously hidden in heterozygous state. Inbreeding usually leads also to other harmful effects (inbreeding depression), such as the decrease in size, fertility, vigor, yield and fitness, as described for the first time with experimental accuracy by Darwin, who observed its effects in cultivated plants (Fisher, 1949; Crow and Kimura, 1970; Hartl and Clark, 2007) .
The effects of endogamy in humans are, in general, more difficult to detect when compared to other species, since the inbreeding levels are usually low and methods that can be developed easily in experimental populations cannot be applied to humans. Empirical studies as well as theoretical risks based on realistic population genetic models show that the chances of affected progeny are largely increased in the offspring of consanguineous marriages (Otto et al., 2007) . Strategies based on homozygous mapping (Lander and Botstein, 1987) were developed recently to detect deleterious variants and have been successfully used (1) in identifying new variants related to many disorders of Mendelian recessive inheritance (Lander and Botstein, 1987; Sheffield et al., 1994; Christodoulou et al., 1997; Parvari et al., 1998; Winick et al., 1999; Abou Jamra et al., 2011; Alkuraya, 2013; Ghadami et al., 2015) ; and (2) in determining susceptibility genes associated with polygenic or complex diseases (Lencz et al., 2007; Nalls et al., 2009; Yang et al., 2012) .
I.4. Consanguinity in humans
In humans, consanguineous marriages are still today a relatively common practice, being regarded as customary in many countries throughout the world, because of its traditional status in some cultures. The highest inbreeding levels are found in populations of the Middle East, Central South Asia and the Americas (Leutenegger et al., 2011) .
During the last decades, empirical estimates of consanguinity levels were grossly obtained for many populations over the world, by censoring the frequencies of marriages between second cousins and more closely related pairs of individuals; the information was assembled into a database (consang.net) by Bittles and Black (2015) . Despite the very low values (much less than 1% on average) observed for most urbanized populations, the prevalence of consanguineous marriages for the global human population was estimated in about 10%, reaching values above 50% in some extremely inbred populations (Bittles, 2002; Bittles and Black, 2010; Hina and Malik, 2015; Ahmad et al., 2016; Riaz et al., 2016) .
I.5. Population isolates
Among humans (and other organisms as well), individuals are, in general, heterogeneously distributed in the population territory, tending to form clusters called population isolates, that can be defined as sets of individuals with imprecise boundaries of different natures: geographical, religious, social, ethnic, political, and so on. (Salzano and Freire -Maia, 1967) .
Population isolates offer many advantages to medical and evolutionary studies, mainly when isolates have well documented pedigrees, high prevalence of individuals affected by rare genetic conditions, a high degree of inbreeding due to cultural practices or limited population size, and demographic history of foundation consisting in a bottleneck followed by a founder effect (Arcos-Burgos and Muenke, 2002) .
Inbreeding and demographic analyses have been the focus of many studies developed in isolates with different ancestries, with the aim (1) to establish relationships among socio-cultural factors and individual homozygous proportions, (2) to provide demographic information for complementing historical records, and (3) to explain in some extent differences in the prevalence of diseases among different populations (Carothers et al., 2006; McQuillan et al., 2008; Lemes et al., 2014; Abdellaoui et al., 2015; Ben Halim et al., 2015; Jalkh et al., 2015; Karafet et al., 2015) .
I.6. Runs of Homozygosity
As known from basic population genetic theory, when two individuals are related in some degree, they share segments that are identical by descent (IBD), that is, autozygous. The offspring of biologically related individuals inherit these segments from both parents, which explains the presence, in them, of long stretches of consecutive homozygosity, called runs of homozygosity (ROH). Broman and Weber (1999) were the first to point out the obvious fact that ROH could be identified by means of the occurrence in homozygous state of a large number of contiguous markers detected by molecular analysis.
Individuals may inherit identical chromosomal segments even when the biological relationship between their parents is very distant.
Since elapsed time is positively correlated with the event of recombination occurrence responsible for the breaking up of previously existing segments, ROH from more ancient origin tend to be shorter, while those from recent origin tend to be longer (Kirin et al., 2010) .
Recently more precise identification of ROH has been greatly enhanced by the use of genomic data. The inbreeding coefficient, referred here as F ROH , can be directly estimated from the proportion of the genome composed of these long tracts in homozygous state (McQuillan et al., 2008) . F ROH is very similar to that directly obtained from pedigree analyses, but much more conservative, since it also takes reliable information from ancient and cryptic inbreeding.
Recent studies of ROH data performed in the worldwide human population detected high levels of autozigosity even in cosmopolitan non-inbred populations. It revealed an increment of endogamy levels and a reduction of genetic diversity according to the population distance from African ones, as expected by the out-of-Africa model of modern human migration. The differences have been explained by the occurrence of small and medium ROH resulting from background relatedness, which also enables the use of ROH to obtain reliable information about demographic and evolutionary events (Kirin et al., 2010; Pemberton et al., 2012) .
I.7. General Objective
The aim of this work is to obtain reliable estimates of the average inbreeding coefficient using data obtained from a traditional Brazilian tri-hybrid quilombo population. To achieve this, we used different alternative methods, some of them adapted by us for the specific task of dealing with such a genetically complex population aggregate.
We also tried to establish demographic inferences about the foundation of this population isolate.
The specific objectives are presented in the sections labeled as chapters 1 to 3.
GENERAL DISCUSSION AND CONCLUSIONS
This dissertation dealt with issues related to the estimation of average population inbreeding levels and includes two manuscripts already published in specialized international journals and another one yet to be submitted.
Chapter 1 shows how the inbreeding coefficient is estimated by using genealogical and marker (molecular) information. The genealogical (direct) estimation of inbreeding coefficient F is complicated due to the usual lack of complete pedigree information and to the arbitrary choice of the number of generations to take into account in its estimation. In spite of these limitations, F-values so estimated are used to make valid comparisons of autozygous levels among populations.
Quilombo F-values were obtained using all available pedigree information and averaging the individual inbreeding coefficients from all individuals. The values thus obtained were compared with others estimates from the literature ( Krieger, 1963) . In any case, the value we estimated is about three times higher than the corresponding one from the Brazilian population (F = 0.00088; Freire-Maia, 1990).
As to the quilombo f (molecular) estimates of Chapter 1, we used a highly heterogeneous set of 30 molecular markers (14 biallelic SNPs and 16 multiallelic microsatellites). Seven SNPs markers were obtained from a sample of 700 individuals in an association study of hypertension (Kimura et al., 2012) and another seven SNPs from 400 sampled individuals in an obesity association study (Angeli et al., 2011) ; the remaining 16 microsatellites were genotyped from a sample of 300 individuals especially selected for the study described in Chapter 1.
We analyzed SNPs and microsatellites data separately and together (Tables 5 and 6 Using our molecular markers data, we estimated Wright's fixation indexes. The estimates of f ST values obtained were in general lower than 5%, which is according to results previously obtained from the analysis of INDEL markers data for the same subpopulations (Kimura et al., 2013) . These results indicate, as expected from the historical records mentioned, the absence of significant population substructure levels in the whole quilombo aggregate.
The second article presented in Chapter 2 dealt with the estimation of var(f). The very simple approximation we provided could be applied to a locus with any number of alleles, producing estimates very similar to those obtained using simulations or approximations already known in the literature for two allele case (Fyfe and Bailey, 1951; Curie-Cohen, 1982) . Given that the formal estimation of var(f)
is (mathematically) a very complicated issue, our work resulted in a very simple and efficient method to obtain reliable f-variance estimates.
The third chapter is represented by an umpublished manuscript dealing with the estimation of the coefficient f (in the same quilombo population) using high density SNP array data and presenting a new manner to estimate the index, by using the joint information from two sets of markers (complete and no-LD datasets).
It is known from population genetics theory that the unbiased estimation of the average inbreeding coefficient f should consider only completely independent loci, that is, loci with no linkage disequilibrium. The main problem in excluding linked data is the drastic reduction of dataset information.
With the aim of seeking for markers with more reliable information, we considered in our analysis both datasets (complete and no-LD), observing that: (1) markers with MAF < 0.3 introduced a bias
underestimating the average f-values, since they might include data with errors in genotype determination that resisted to the filtering process;
(2) no statistically significant difference between the f average estimates from both datasets was found, since their 95% confidence intervals overlapped.
We made also some inferences from the quilombo demographic history, as we were dealing with a highly admixed tri-hybrid population with a complex foundation history. Both the total ROHs lengths and the F ROH values were lower in the quilombo than in the European and Asian population datasets and a bit higher than in the African one selected for comparison. The results we obtained suggest that the patterns of ROH and F ROH of an admixed population such as the quilombo reported here should be somehow proportional to the contribution of the parental (stock) populations, but lower, given that the admixture process inserted some degree of variability in the gene pool of the hybrid population.
ABSTRACT
Endogamy levels are usually estimated using genealogical or molecular markers data. By means of both type of data from a traditional Brazilian tri-hybrid quilombo population aggregate (located at the Ribeira River Valley in the State of São Paulo), the aim of this work, using different methods, was to obtain reliable estimates of its average inbreeding coefficient, as well as to establish pertinent demographic inferences.
The results we obtained are presented in three chapters.
The first one, represented by the offprint of a published paper, deals with the estimation of the inbreeding coefficient using both a complete genealogical and comprehensive molecular information. 
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